Results of Grand Canonical Monte Carlo (GCMC) simulations of hydrogen storage at 303 K in ordered mesoporous carbons (OMCs) which are inverse replicas of cubic Im3 m silica are presented. Of the ones investigated here, the highest gravimetric total storage of hydrogen (ca. 2 wt% at P = 22 MPa and 303 K) was observed for the OMC replica of the cubic Im3 m material which was characterized by the largest lattice parameter and internal pore radius of the carbon sphere (a = 9.98 nm and R int ≈ 3.0 nm). However, the corresponding volumetric density of hydrogen did not exceed 17 kg H 2 /m 3 . The highest excess storage was observed for a threshold value given approximately by a ≈ 7.98 nm and R int ≈ 2.4 nm. Above this value, the excess storage and volumetric density of hydrogen did not change.
ABSTRACT: Results of Grand Canonical Monte Carlo (GCMC) simulations of hydrogen storage at 303 K in ordered mesoporous carbons (OMCs) which are inverse replicas of cubic Im3 m silica are presented. Of the ones investigated here, the highest gravimetric total storage of hydrogen (ca. 2 wt% at P = 22 MPa and 303 K) was observed for the OMC replica of the cubic Im3 m material which was characterized by the largest lattice parameter and internal pore radius of the carbon sphere (a = 9.98 nm and R int ≈ 3.0 nm). However, the corresponding volumetric density of hydrogen did not exceed 17 kg H 2 /m 3 . The highest excess storage was observed for a threshold value given approximately by a ≈ 7.98 nm and R int ≈ 2.4 nm. Above this value, the excess storage and volumetric density of hydrogen did not change.
The adsorption was dominated by the bulk storage, with the adsorbent serving as a tank whose storage properties were governed by the available space for hydrogen molecules (bulk storage) and not by physical adsorption (i.e. densification of the supercritical fluid on the walls of the porous material). The calculated average value for hydrogen adsorption in internal spaces was twice as high as in the internal spaces of the spherical cavities, i.e. in the lattice parameter range of the Im3 m OMC replicas that were studied experimentally at 303 K.
Our calculations indicate that the calculated maximum gravimetric weight per cent and volumetric density of hydrogen lay well below the target of 2010 for 6.0 wt% and 45 kg H 2 /m 3 indicated by the United States Department of Energy. The storage of hydrogen at 303 K and P < 22 MPa in the OMC replicas of the cubic Im3 m silica was effective against compression of the hydrogen fluid.
INTRODUCTION
Various forms of carbon, including graphite and diamond, have been studied intensively since the beginning of the 20th century. However, by the end of the last century, the discovery of the next carbon allotrope, buckminsterfullerene (C 60 ), opened up a novel and distinct field of carbon chemistry (Kroto et al. 1985) . As a result, in the early 1990s, elongated cage-like carbon structures (known as carbon nanotubes) were produced and characterized (Iijima 1991; Iijima and Ichihashi 1993; Terrones and Terrones 2003a) . Carbon or boron nanotubes seem to be promising materials as catalyst supports, connectors, thermal materials, structural composites, fibres, fabrics and so on. They are also promising for field emission, molecular electronics, energy storage, sensing and biomedical applications (Saito et al. 1998) . It is believed that carbon nanotubes can be used for the development of containers for gases and metals (Terrones et al. 2000; Terrones and Terrones 2003b; Chen et al. 1999 ). Demonstration of the use of carbon nanotubes for enhanced storage of gases would pave the way for the development of fuel cells for the automobile industry. Unfortunately, the adsorption of hydrogen in those materials currently produced that are composed of carbon nanotubes is not sufficiently high to provide a solution for the effective storage of hydrogen (Takagi et al. 2004; Ritschel et al. 2002; Ning et al. 2004 ) and hence the large-scale utilization of nanotubes in the automobile industry remains a distant notion. Thus, it is important to search for ordered carbon nanostructures that could meet the target for hydrogen storage set by the U.S. Department of Energy (DOE) (http://www.eere.energy.gov/). The most efficient way of scanning the properties of a variety of carbon nanostructures of different geometries and symmetries is through computer simulations (Catlow et al. 2004; Garberoglio et al. 2005; Kowalczyk et al. 2005a,b) . However, it should be noted that there are examples in the literature of experimentally irreproducible results (Chen et al. 1999; Yang 2000) . Contrary to such confusing experimental results, computer simulations have consistently predicted lower storage capacities for hydrogen in many materials (Wang and Johnson 1999a,b; Guay et al. 2004; Williams and Eklund 2000) .
In the search for hydrogen storage materials, ordered nanoporous carbons offer a potential alternative to the materials composed of carbon nanotubes. These porous materials are also of potential technological interest for the development of electronic (Kuno et al. 2003 ), catalytic (Joo et al. 2001 Rodriguez et al. 1995; Shin et al. 2001; Ryoo 2003), composite (Terrones et al. 2000) or gas-storage systems (Ohkubo et al. 2002) . This new class of carbonaceous materials can be obtained by templating syntheses in which ordered mesoporous silicas (OMSs) are used as hard templates Kim et al. 2003) . Ryoo et al. (2001) have pointed out that ordered mesoporous carbons (OMCs) exhibit BET (Brunauer-Emmett-Teller) specific surface areas as high as 2200 m 2 /g, excellent thermal stability in an inert atmosphere and strong resistance to acids and bases. The synthesis of these materials is conceptually simple. Various molecules that contain carbon (e.g. furfuryl alcohol, phenolic resin monomers, acetylene, sucrose) can be used as carbon precursors to fill the mesopores of ordered silicas or aluminosilicates at elevated temperatures. In a similar manner to the preparation of ordinary porous carbon materials, these precursors could be subjected to polymerization and converted into pure carbon by pyrolysis if required. Finally, the silica template can be removed by using NaOH or HF solutions.
The structures of such synthesized carbons depend strongly on the geometry of the template and on the carbon precursor and carbonization conditions. For example, CMK-3 OMC obtained by using SBA-15 OMS as the template consists of hexagonally ordered carbon rods interconnected by carbon spacers (Ravikovitch and Neimark 2001) . The use of SBA-1 silica (cubic, Pm3n symmetry) as a template affords the CMK-2 carbon of the same symmetry (Sakamoto et al. 2000) . However, impregnation of the cage-like siliceous SBA-16 meso-structure with furfuryl alcohol or acenaphthene gives OMCs with the cubic Im3 m structure (body-centred cubic arrangement of spherical cages) (Kim et al. 2005) . The latter authors also showed that filling the mesopores of SBA-16 with furfuryl alcohol followed by polymerization and carbonization of the latter can be easily controlled. Thus, it is possible to control the filling process and tune the size of incompletely filled cages of SBA-16 (Kim et al. 2005) . The resulting OMCs possess pores created by incomplete filling of the SBA-16 cages by the carbon precursor as well as pores formed by the dissolution of the pore walls of the SBA-16 template.
In the present work, we have investigated the efficiency of hydrogen storage at 303 K in model OMC materials characterized by the cubic Im3 m symmetry. A new model for solid-fluid interactions between quantum molecules and the surface of an OMC is introduced according to the Feynman and Hibbs method. Analytical equations for the estimation of the total and excess uptake of hydrogen have been derived. The proposed model can be used for the investigation of adsorption, diffusion and other processes at lower temperatures where the quantum effects for confined fluids may not be negligible.
On the basis of this model and experimental data, five OMC replicas of cubic Im3 m silica have been constructed. The efficiency of hydrogen storage at 303 K was studied using Monte Carlo simulations in the Grand Canonical ensemble (GCMC). The GCMC simulations provide insights into the role of the size of the bcc unit cell on the efficiency of hydrogen adsorption in the cubic OMC materials at 303 K. Our results suggest that these materials cannot achieve the target for hydrogen storage set by the U.S. Department of Energy for the years 2007, 2010 and 2015 (http://www.eere.energy.gov/) under the conditions studied. On the other hand, the proposed methodology seems to be useful for designing carbon nanostructures with desired properties for the adsorption and storage of hydrogen and other gases.
THE MODEL AND SIMULATIONS

Fluid-fluid interaction potential
To take quantum effects into account, all simulations were performed for hydrogen interacting via the truncated Feynman and Hibbs effective potential (FH) (Feynman and Hibbs 1965; Feynman 1972) :
(1) where r is the distance between two interacting molecules, β = (k b T) -1 , h -= h/2π, µ m = m/2 is the reduced mass of a pair of interacting fluid molecules, hdenotes Planck's constant, k b is the Boltzmann constant and Θ is the Heaviside function. Note that, according to equation (1), the quantum fluid molecule is represented by a Gaussian wave packet of width h -/(12mk b T) 1/2 , so the FH effective potential is an average of the classical potential over the Gaussian wave packet.
According to Sese (1994 Sese ( , 1995 , the series given by equation (1) should be cut off at k = 1 for better approximation of the rigorous Path Integral Monte Carlo Simulation (PIMC). After incorporation of this cut-off, the final formula for the calculation of the fluid-fluid interactions is given by the second-order Feynman-Hibbs effective potential:
(2)
where the classical potential is represented by the one-centre Lennard-Jones (LJ) equation:
(3) V r r r ff ff ff ff
Here, σ ff denotes the LJ fluid-fluid collision diameter, ε ff is the depth of the LJ fluid-fluid potential well and r cut = 5σ ff is the cut-off distance. For hydrogen we used σ ff = 0.2958 nm and ε ff /k b = 36.7 K (Levesque et al. 2002) . We wish to stress that the spherical symmetry of the adopted Lennard-Jones potential may not be adequate for the case of high density and low temperature. The description of the experimental equation of state for hydrogen at 303 K and 77 K with the use of the intermolecular potentials given above [equations (2) and (3)] has been presented in detail previously (Kowalczyk et al. 2005) . Moreover, have verified this model experimentally.
Solid-fluid interaction potential
The cage-like OMC studied is characterized by the cubic Im3 m structure (body-centred cubic arrangement of spherical cages connected by short cylindrical necks). The simplified model of the basic unit of ordered mesoporous carbon is presented in Figure 1 . For simplicity in the present model, we assume that interconnecting cylindrical pores (short necks) can be neglected, since the key sites for hydrogen adsorption are (i) the internal surfaces of the spherical cavities and 414 Piotr Kowalczyk et al./Adsorption Science & Technology Vol. 24 No. 5 2006 Figure 1. Simplified model of the ordered mesoporous carbon used in the current study. The cubic Im3 m structure (bodycentred cubic arrangement of unconnected carbon spherical cages) is characterized by a, the cubic lattice parameter, R int and R ext , the internal and external pore radius of the carbon spherical cavities, respectively, and ρ s , the surface density of a single graphite layer.
(ii) interstitial spaces between the neighbouring carbon spheres. A similar treatment of nitrogen adsorption at the boiling point in ordered cage-like silicas and three-dimensional hexagonal structures has been developed by Ravikovitch and Neimark (2002) .
The hydrogen uptake obtained in the present simplified model of the cubic Im3 m OMC material can be treated as a lower limit for hydrogen storage in these carbonaceous materials. However, large differences due to the presence of the short cylindrical necks are not anticipated. In our simulations, we have neglected details of the atomic structure of the carbon surfaces, i.e. all spherical cavities have been modelled as continuous surfaces. We represent the solid-fluid potential by integrating the quadratic Feynman-Hibbs effective potential over a smooth spherical surface. An individual spherical pore is characterized by the internal, R int , and external, R ext , radii of the pore (cavity), by the surface density of carbon atoms (ρ s = 38.2 nm -2 ) and by the thickness of the pore wall, t = R ext -R int . We assume that the wall of each individual cavity consists of three concentric graphite shells, t = 3∆ Х 1 nm (∆ = 0.335 nm). Note that this value is close to the experimentally measured thickness of the carbon walls in the cubic Im3 m OMC materials, viz. t Х 0.63-0.91 nm (Kim et al. 2005) . In accordance with these experimental results, we assume that R int = 7.2/χ nm and that the cubic lattice parameter a = 11.97/χ nm. For χ = 1, these parameters correspond to the cubic Im3 m OMC sample (C FA1 -12 h) synthesized using the furfuryl alcohol carbon precursor and SBA-16 ordered silica as the template (Kim et al. 2005) . Reducing the parameter χ corresponds to the shrinkage that accompanies the removal of the template. In addition, we wish to investigate the hydrogen storage in hypothetical OMC replicas of the cubic Im3 m materials which contain smaller pores that prevent the experimental ratio R int /a Х 0.3 (Kim et al. 2005 ) from being achieved. Thus, in the present work, we have investigated the following range of the structural parameters (R int ∈ [0.9-3.0] nm and a ∈ [2.99-9.98] nm).
To take into account the quantum effects in the solid-fluid interactions, we integrated the pairwise quadratic Feynman-Hibbs effective potential over carbon atoms dispersed on the single surface of a sphere of radius, R s . In this way, we obtained the quantum-corrected solid-fluid interaction of a hydrogen molecule placed inside or outside the structure-less spherical cavity, i.e. (r ≠ R s ):
( 4) where the coefficients may be written as 2 5
In the above equations, r is the radial coordinate of the hydrogen atom with the centre of the coordinate system in the centre of the spherical pore, β = (kbT) -1 , h -= h/2π, µ m = m is the reduced mass for the quantum interaction between hydrogen and carbon atoms, and m denotes the mass of a hydrogen molecule (by definition, the reduced mass of carbon and hydrogen is the mass of
The total quantum-corrected solid-fluid interaction in the unit cell of the Im3 m OMC is given by (see Figure 1 ):
Here M -1 denotes the number of concentric shells of an individual spherical cavity (in the present case, M = 3). The Lennard-Jones solid-fluid parameters were calculated via the Lorentz-Berthelot mixing rule (Steele 1974) :
The Lennard-Jones parameters for carbon are σ ss = 0.34 nm and ε ss /k b = 28 K (Do 1998). All GCMC simulations were performed for the solid-fluid interaction potential given by equation (12) calculated explicitly without approximations. At this point, it is important to ask the question: Can we use the molecular parameters of carbon in graphite for spherical pores? From a recent comparison of the simulation results with the experimental ones, we can state that the model of the solid-fluid interactions can be used for the calculation of thermodynamic averages at moderate temperatures (Tanaka et al. 2005a,b) .
Efficiency of hydrogen storage results
The correct evaluation of the total equilibrium uptake of hydrogen is a well-known experimental problem. The quantity that is measurable experimentally is the adsorption excess, i.e. the amount of adsorbate in excess of that of the bulk fluid at the same temperature and pressure, and in the same available volume. Experimentally, the adsorption excess can only be calculated when the true density of carbon is known. The latter is usually obtained via the helium-displacement method, although the validity of this method has been questioned in the literature. Thus, for example, Beenakker et al. (1995) have pointed out that the quantum effect for helium placed in small nanopores at room temperature cannot be neglected. Since the thermal de Broglie wavelength for helium at room temperature (λ = 0.1 nm) approaches the size of nanopores, the adsorbed amount depends on the quantum energy levels of helium. In other words, helium cannot access the smallest pores due to the Heisenberg uncertainty principle, with the result that the helium-displacement method over-estimates the density of carbon in the examined material. Contrary to experiment, GCMC simulation enables a precise determination of the total uptake of hydrogen, i.e. the absolute value of adsorption, because the geometry of the adsorbent is specified and the quantum effects are included in both fluid-fluid and solid-fluid interactions.
The total surface area of carbon in the simulation box is given by (see Figure 1 ):
Knowing S C , we can calculate the total weight of carbon (w C ) in the unit cell:
Here, m C denotes the molar mass of carbon (m C = 12.01 g/mol) and N a is the Avogadro number. The total volume accessible for hydrogen molecules can be calculated from:
where V B denotes the volume of the simulation box (V B = a 3 ) and V C is the volume occupied by the carbon surface, i.e. V C = (8/3)π(R 3 ext -R 3 int ). The values of the absolute (Γ abs ) and excess (Γ exc ) adsorption of hydrogen are given by:
where ρ b denotes the bulk density of hydrogen, 〈N〉 is the ensemble average of the number of hydrogen molecules in the simulation box and R ext is the external pore radius of the spherical carbon cavity. 
where M H2 and M C are the total mass of hydrogen molecules and carbon atoms, respectively, in the simulation box. Note that the gravimetric density of hydrogen is the absolute value of the adsorption and not the excess value.
Molar enthalpy of adsorption
By analogy to the specific enthalpy of a phase transition, we calculate the enthalpy released during adsorption as:
where 〈 … 〉 denotes an average over an ensemble, N av is the Avogadro number and E is the sum of the kinetic and potential energies.
According to the Feynman-Hibbs model, the total energy is given by (Sese 1994 (Sese , 1995 Tanaka et al. 2005a,b) : (22) where V ff FH and V sf FH are respectively the fluid-fluid and solid-fluid interaction potentials based on the FH effective potential, N is the number of adsorbed molecules in the simulation box (see unit cell in Figure 1 ) and β = (k b T) -1 . The first term on the right-hand side of equation (22) is the kinetic energy of classical molecules, the second and third terms are required by the thermodynamic consistency, while the remaining terms are the potential energies.
Simulation details
We used the Grand Canonical bulk ensemble (i.e. a fixed system volume, V, temperature, T, and the chemical potential of the bulk fluid, µ p ) (Allen and Tildesley 1987) in the simulation of hydrogen adsorption in the nanoporous carbon materials considered. Widom's particle insert method (Widom 1963) was used to calculate the excess part of the chemical potential of hydrogen. The corresponding bulk pressure of hydrogen was computed from the virial theorem (Garberoglio et al. 2005; Frenkel and Smit 1996) . The tail corrections for the energy and pressure were added after simulation in canonical ensemble. For GCMC simulations, we used the simulation box (a × a × a, where a denotes the cubic lattice parameter) with periodic boundary conditions in all three special directions as shown in Figure 1 . The cut-off distance for the calculation of the fluid-fluid interactions was assumed to be 5σ ff and no long-range corrections were used. The chemical potential of hydrogen calculated in canonical ensemble was used as an input for the GCMC simulations. In order to mimic the experimental procedures, all the simulations were commenced for systems without hydrogen. Then, the chemical potential of hydrogen was gradually increased in each simulation. The systems used were equilibrated at different levels of the chemical potential and employed as the starting configurations for subsequent calculations. In order to ensure microscopic reversibility, the probabilities of (i) a single displacement, (ii) creation and (iii) deletion of a hydrogen atom were assumed to be all equal to 1/3. Typically, 8 × 10 7 configurations were generated for every value of the chemical potential and for every Im3 m OMC structure. In order to guarantee equilibration of the system before measurement of the adsorption, the first 4 × 10 7 configurations in every run of the simulation were neglected and only the thermodynamic properties of the samples in the remaining 4 × 10 7 steps were considered. In addition, the value of the total internal energy at randomly selected configurations during the simulation was stored and the fluctuations of this energy analyzed to check whether the system was truly in thermodynamic equilibrium.
RESULTS AND DISCUSSION
We start with a demonstration of the change in the solid-fluid potential introduced by the quantum effects included in the simulations. Wang and Johnson (1999a) showed that quantum effects are important even at 298 K for adsorption in interstices between carbon nanotubes. The situation is similar for the cubic Im3 m OMC material studied: there are interstices between the spherical carbon cavities, similar to the interstices between carbon nanotubes. We introduced the quantum-corrected solid-fluid interaction potential for carbon spheres according to the method of Feynman and Hibbs. Figure 2 displays the solid-fluid potential inside and outside the carbon spheres computed using equation (12). As expected, the introduction of quantum effects lowered the solid-fluid interaction with respect to the same potentials calculated within the classical model. Generally, a reduction in the size of the pores (or equivalently, the size of the carbon spheres) resulted in an increase in the quantum effects ( Figure 2 ). This remark is qualitatively similar to the observation made by Wang and Johnson (1999a) . It should be mentioned that the classical contribution arising from equation (12) Baksh and Yang (Baksh and Yang 1991; Kaminsky et al. 1994) . As can be seen from Figure 2 , the quantum effect for hydrogen adsorption in cubic Im3 m OMC materials at 303 K is not large.
However, lowering the temperature and increasing the pressure of hydrogen causes large discrepancies between the classical and quantum-corrected solid-fluid interactions. Figure 3 (A) presents the absolute value for the adsorption of hydrogen in the OMC replicas of the cubic Im3 m materials. For all the replicas (structures) examined in this study, the absolute value of adsorption was an increasing function of the size of the unit cell: the highest value of the absolute adsorption was obtained for the largest unit cell studied. In Figure 3(B) the same results are shown expressed as gravimetric weight per cent of hydrogen per carbon mass (storage capacity). The highest storage of hydrogen (ca. 2 wt% at P = 22 MPa) was obtained for the OMC replica of the cubic material characterized by the largest size of the cubic lattice parameter and -correspondingly -the largest spherical pore radius. Moreover, as can be seen in Figure 4 , the maximum value of hydrogen storage at 303 K in the OMC replicas of the cubic Im3 m 420 Piotr Kowalczyk et al./Adsorption Science & Technology Vol. 24 No. 5 m material at 303 K. The internal pore radius, R int , of individual carbon spheres corresponding to the displayed cubic lattice parameter are 0.9, 1.8, 2.0, 2.4, 3.0 nm, respectively. Data points in the three parts of the figure relate to the following values of a, the lattice parameter: ᭺, 2.99 nm; , 5.99 nm; , 6.65 nm; ᭻, 7.98 nm; ᭹, 9.98 nm. ᭻ materials showed a linear dependence on the size of the lattice parameter of the unit cell. Consequently, a further increase in the basic unit of the Im3 m OMC replica would lead to an increase in the hydrogen storage uptake. However, we must take into account that this increase is simply associated with the increase in the volume of the unit cell and, consequently, the increase in volume available to bulk hydrogen; this does not correspond to an increase in the surface excess of adsorption. Figure 3 (C) shows that the surface excess adsorption of hydrogen reached saturation as the size of the unit cell increased. Thus, the design of OMC replicas with unit cells larger than a threshold value (a Ϸ 7.98 nm and R int Ϸ 2.4 nm) does not change the surface excess of adsorption. The observed increase in stored hydrogen for a cubic lattice parameter a > 7.98 nm and an internal pore radius for an individual carbon sphere R > 2.4 nm in a b.c.c. structure is solely connected with an increase in the bulk density of hydrogen. In other words, materials with large mesopores serve as a tank whose storage capacity depends mainly on the available volume for the bulk fluid. This feature can be useful in the transportation of hydrogen; however, the predicted adsorption values do not justify the claim that these carbon materials can be promising candidates for effective hydrogen storage at room temperature and storage pressures less than 22 MPa. The volumetric density of hydrogen in all investigated OMC replicas is shown in Figure 5 . For comparison, the variation in the bulk density (red line) and the density of hydrogen adsorbed in an idealized bundle of single-walled carbon nanotubes (SWNTs) (blue line) (Levesque et al. 2002) have been added to the figure. As can be seen, the cubic lm3 m OMC material characterized by the smallest pore size and lattice parameter significantly enhanced the density of adsorbed hydrogen in comparison to the situation in the bulk. This value was substantially above the 2010 DOE goal for the volumetric density of hydrogen (45 kg H 2 /m 3 ). On the other hand, the gravimetric weight percentage of hydrogen in this replica was very low and did not exceed 0.15 wt% [see Figure 3 (B)]. As a result, the material appeared not to be suitable for the efficient storage of supercritical hydrogen. The volumetric density of hydrogen in the remaining replicas of the cubic Im3 m OMC materials studied was greater than the bulk density but did not exceed 17 kg/m 3 at 22 MPa. The density of adsorbed hydrogen in the cubic Im3 m OMC materials was very close to that reported for the idealized bundle of SWNTs (Levesque et al. 2002 ) (see Figure 5 ).
Since the uptake of hydrogen was similarly low in both the bundle of single-walled carbon nanotubes and the OMC samples, it seems plausible that it is not the curvature of the graphene layers that is responsible for the low density of hydrogen, but rather the strength of the hydrogen-carbon interactions that dominate the extent of adsorption.
In Figure 6 , we show that as a result of the high thermal motion at 303 K, the hydrogen fluid only adsorbed weakly in the OMC replicas of the cubic Im3 m materials. A well-defined and ordered arrangement of hydrogen molecules adsorbed on the walls of the spherical cavities (quasiliquid state of supercritical fluid) was not observed, but rather a random arrangement of molecules. Detailed analysis of these snapshots revealed that hydrogen molecules tend to form clusters, with the size of these clusters increasing with increasing pressure due to the densification of hydrogen. As pointed out by Do and Do (2005) , this lack of condensation in either two-or three-dimensions is a characteristic of supercritical fluids. Next, the importance of two spaces for adsorption may be highlighted: (i) the internal space of spherical cavities and (ii) interstitial spaces between these cavities. Computer-generated configurations of hydrogen molecules were used to calculate the average number of molecules in the internal and interstitial spaces of the cubic 422 Piotr Kowalczyk et al./Adsorption Science & Technology Vol. 24 No. 5 Average values of the hydrogen uptake in the interstitial and internal spaces of these carbonaceous materials were ca. 32% and 68%, respectively. ᭻ replicas studied resulted in a rapid decrease in the role of hydrogen adsorption in the internal spaces. In contrast, adsorption in interstitial spaces dominated the total hydrogen uptake as the size of the unit cell increased. This behaviour was a result of the decreasing role of the solid-fluid interaction in larger unit cells and the increasing available free space for hydrogen molecules. This tendency was observed over the whole range of pressures studied (Figure 7) . The calculated average value of hydrogen adsorption in the internal spaces was twice the magnitude of that for the OMC materials studied at 303 K.
Finally, Figure 8 depicts the molar enthalpy of adsorption for the cubic Im3 m OMC materials. It will be seen from the figure that the shape of the plot of the heat of adsorption versus pressure was independent of the size of the OMC replicas studied. The highest value for the molar enthalpy (Ϸ 9 kJ/mol) was obtained for the replica possessing the smallest cubic lattice parameter and, consequently, the smallest radius of the spherical cavity. This (highest) value of the heat of adsorption is comparable to the corresponding value for hydrogen adsorption in carbon slit-like nanopores of 0.69 nm width (Kowalczyk et al. 2005 ). An increase in the cubic lattice parameter for the b.c.c. unit cell resulted in a gradual decrease in the enthalpy of adsorption down to ca. 4 kJ/mol. The highest value of the enthalpy of adsorption occurred for small cavities when the curvature of the carbon surface was high, with the value decreasing asymptotically to the value of the enthalpy of adsorption on flat surfaces as the size of the unit cell increased.
In summary, OMC materials of cubic Im3 m symmetry cannot be treated as an effective material for hydrogen storage at 303 K and pressures less than 22 MPa. The highest storage of hydrogen (ca. 2 wt% at P = 22 MPa) was predicted for the OMC replica of the cubic Im3 m material characterized by the largest size of the cubic lattice parameter and internal pore radius of the carbon sphere studied (a = 9.98 nm and R int Ϸ 3.0 nm). Unfortunately, the density of adsorbed hydrogen was found to be low and did not exceed 17 kg/m 3 . Further increase in the basic unit of the cubic Im3 m OMC led to an increase in the gravimetric uptake of hydrogen due to pure 424 Piotr Kowalczyk et al./Adsorption Science & Technology Vol. 24 No. 5 m materials at 303 K. The internal pore radius, R int , of individual carbon spheres corresponding to the displayed lattice parameter are 0.9, 1.8, 2.0, 2.4, 3.0 nm, respectively. Data points in the figure relate to the following values of a, the lattice parameter: ᭺, 2.99 nm; , 5.99 nm; , 6.65 nm; ᭻, 7.98 nm; ᭹, 9.98 nm. ᭻ geometrical factors (an increase in the available volume) and not as a result of adsorption on the carbon surface. In contrast, the volumetric density of adsorbed hydrogen remained constant as the size of the OMC replica increased. A comparison of the current computations with those reported for the bundle of SWNTs showed that the curvature of graphene was not responsible for the low uptake of hydrogen in carbonaceous materials. This low uptake is more likely caused by the relatively weak carbon-hydrogen interactions. A potential route for increasing the hydrogen uptake in Im3 m OMC materials would be through a reduction in temperature and/or through doping these structures with alkali metals. Doping cubic Im3 m OMC with alkali metals would increase the mass of the material and hence its interaction with hydrogen molecules. Since the maintenance of low temperatures in practical storage applications (e.g. automobile applications) is expensive and impractical, it would appear that the quest for promising nano-architectures for carbonaceous materials is still open.
